The hammerhead ribozyme is a small catalytic RNA motif capable of endonucleolytic (self-) cleavage. It is composed of a catalytic core of conserved nucleotides flanked by three helices, two of which form essential tertiary interactions for fast selfscission under physiological conditions. Originally discovered in subviral plant pathogens, its presence in several eukaryotic genomes has been reported since. More recently, this catalytic RNA motif has been shown to reside in a large number of genomes. We review the different approaches in discovering these new hammerhead ribozyme sequences and discuss possible biological functions of the genomic motifs.
INTRODUCTION
The hammerhead ribozyme (HHR) (Prody et al. 1986) belongs to the family of small endonucleolytic ribozymes that have sizes in the range of from 50 to 150 nucleotides (nt) (Lilley 2005) . As with the other members of this family, the Varkud satellite (VS), the hairpin, and the hepatitis delta ribozymes Kuo et al. 1988; Saville and Collins 1990) , the HHR catalyzes the scission of its own phosphodiester backbone by means of a transesterification reaction that proceeds under inversion of the configuration and, albeit intramolecularly, according to an S N 2 mechanism (Fig. 1A) . No cofactor is required for these reactions, although divalent metal ions are known to play varying roles in the processes of RNA folding and selfcleavage of each small endonucleolytic ribozyme (Wilson and Lilley 2009 ). In contrast, the glmS catalytic riboswitch catalyzes the same reaction, but it requires glucosamine-6-phosphate as an essential cofactor (Winkler et al. 2004; Klein and Ferré-D'Amaré 2006) . Formally, the minimal HHR motif is made up of a catalytic core of conserved nucleotides flanked by three helices (Fig. 1B ) that are absolutely required for catalysis. Since its introduction (Forster and Symons 1987b; Uhlenbeck 1987) , this minimal structure has been extensively studied in vitro (summarized in Hammann and Lilley 2002) , but in 2003, additional experiments showed that interacting peripheral loops 1 and 2 of full-length HHRs are also required to reach efficient self-cleavage under physiological conditions (De la Peña et al. 2003; Khvorova et al. 2003) . These interactions are required for efficient folding and fast cleavage kinetics (Canny et al. 2004; Penedo et al. 2004) , and were elegantly confirmed in a first crystal structure of a natural HHR (Martick and Scott 2006) . The discovery that the HHR requires tertiary interactions distal from the core to allow efficient cleavage reconciled biochemical data with the atomicresolution structure (Przybilski and Hammann 2006; Nelson and Uhlenbeck 2008a) and explained how this ribozyme could function in physiological magnesium concentrations (z1 mM).
Although HHRs with potential to cleave other RNAs in trans have been identified (Luzi et al. 1997; Martick et al. 2008) , the vast majority of known natural HHRs are cis-, i.e., self-cleaving entities that contain the motif within a single RNA strand. This gives rise to the three circularly permuted forms (Fig. 1C ) that are named types I, II, or III, according to the open-ended helix that connects the motif with the flanking sequences.
The HHR was discovered originally as type III in subviral plant pathogens, where it is involved in the processing of 5 multimeric replication intermediates (Prody et al. 1986) . Two different types of subviral plant pathogens harbor HHRs, viroids, and plant virus satellite RNAs, both of which are circular, single-stranded RNA molecules of z250-400 nt. Viroids are infectious by themselves (Flores et al. 2004; Tabler and Tsagris 2004) , while plant virus satellite RNAs depend in their propagation on their cognate virus and modulate the virus' symptoms Kaper et al. 1988; Rubino et al. 1990 ). These two types of subviral plant pathogens are thought to replicate in a rolling circle mechanism (Branch and Robertson 1984) , which can proceed in either a symmetric or asymmetric manner (Flores et al. 2004; Tabler and Tsagris 2004) .
The first genomic HHRs, of type I, were reported more than two decades ago in newt, where they are contained in tandem repeats (z300 bp) in satellite DNA (Epstein and FIGURE 1 . The hammerhead ribozyme. (A) The reaction proceeds via an S N 2 mechanism, in which the hydroxy moiety at C29 attacks the neighboring 39-59 phosphodiester bond. The pentagonal bipyramidal transition state is adopted both in the forward cleavage and in the reverse ligation reaction. The cleavage products are a 29,39-cyclic phosphate at the 59 product and 59-hydroxyl at the 39 cleavage product, which serve as substrates for the ligation reaction. (B) The catalytic core of HHR consists of conserved nucleotides (bold) flanked by helices I-III. The conventional numbering system is indicated (Hertel et al. 1992) . Cleavage takes places between nucleotides 17 and 1.1, as indicated by the arrow. Dotted lines indicate backbone continuity. (C) Natural forms occur in three types, named after the open stem. Interactions between nucleotides of loops L1 and L2 are observed in all three topologies (double-headed arrows). Additionally, a base pair is formed between nucleotides C 3 and G 8 , or variants thereof (see text). Only the three natural topologies are active under physiological magnesium ion conditions, while the minimal format is not. Pattern descriptors for RNABOB (D), PatScan (E), or RNAmotif (F), describing for each a type III motif with the following features: stem III of 3-6 bp, U, H, stem I of 4-7 bp, loop L1 of 4-100 nt, CUGANGA, stem II of 4-6 bp, loop L2 of 4-100 nt GAAA (for details, see D'Souza et al. 1997; Macke et al. 2001; Eddy 2005) . Gall 1987) . Two different HHR-containing transcripts are expressed in the amphibian. They feature different transcription start sites, but have the same length (Epstein and Coats 1991) . Similar genomic HHR were also shown for a number of other amphibians (Zhang and Epstein 1996) , where they were shown to reside in RNPs, and isolated RNPs were capable to exert cleavage in trans on a short synthetic model RNA substrate (Luzi et al. 1997; Denti et al. 2000) . Despite these advances, the biological function of the amphibian HHR remains elusive-as the title of an earlier manuscript stated (Cremisi et al. 1992) . Similar to these amphibian motifs, genomic HHRs were also reported in satellite DNA of schistosomes and cave crickets (Ferbeyre et al. 1998; Rojas et al. 2000) . Together with early HHR motif searches through sequence databases, these discoveries hinted at a broad distribution of these ribozymes in nature, despite a low theoretical chance of occurrence ).
An unusual case of a genomically incorporated HHR was found in carnation, where the ribozyme exists in the form of a retroviroid element in DNA tandem repeats, similar to the newt (Daros and Flores 1995) . Unlike in newts, however, the carnation self-cleaving HHR motifs are found in both DNA strands. Since this is analogous to the subviral plant pathogens, where HHR motifs can be observed in the plus and minus RNA strand, this result points toward a genomic integration of a viroid in carnation.
Given the seemingly sporadic appearance of the HHRs in various genomes, we have set out in the past several years to investigate the prevalence of this catalytic RNA motif. In a pilot study, the presence of two individual HHRs was reported in the genome of Arabidopsis thaliana ) in addition to a few other genomes . The A. thaliana motifs are distinct from the aforementioned genomic HHRs, as they do not reside in satellite DNA, but in two individual loci on chromosome IV. Subsequently, a split version of the HHR was uncovered in mammalian genomes and this motif has the potential to cleave in trans . Searches in large data sets carried out since have revealed a surprisingly high number of genomic locations that feature HHRs, and also led to the discovery of the first instances of the type II topology (de la Peña and Garcia-Robles 2010a,b; Jimenez et al. 2011; Perreault et al. 2011; Seehafer et al. 2011) . In this review, we will summarize our different approaches and results, and discuss possible functions of the various genomic HHRs.
DIFFERENT APPROACHES FOR THE IDENTIFICATION OF GENOMIC HHRS
Small RNA domains are known to show high informational content, a feature highlighted by this family of endonucleolytic ribozymes. The small size of these motifs, together with their low-sequence conservation makes any bioinformatic detection a challenging task. This results from the nature of the HHR that requires not only the catalytic core, but also helical elements in stems I-III, as well as interacting nucleotides within loops I and II (De la Peña et al. 2003; Khvorova et al. 2003) . Thus, a full HHR features varying levels of conservation: high conservation of nucleotides in the catalytic core (see below); sequence covariation, but not sequence identity, as dictated by WatsonCrick base-pairing within helices I-III; and positional and sequence restriction of loop I and II nucleotides involved in tertiary interactions. The latter feature a weak degree of sequence conservation (Martick and Scott 2006; Chi et al. 2008; Dufour et al. 2009 ), which might be explained by the observation that non-Watson-Crick interactions (Leontis et al. 2002) can also contribute to the stabilization of the HHR . Because of the isostericity of many non-Watson-Crick base pairs (Leontis et al. 2002) , the sequence conservation of interaction patterns might be blurred to some degree. To address these features of the HHR motif in the process of identifying novel examples, we have applied two different approaches: sequence homology-based and structure-based searches, as detailed next.
FINDING THE TREASURE BY LOOKING FOR SMALL PIECES: SEQUENCE HOMOLOGY-BASED SEARCHES
This approach is mainly based on the observation that not only the conserved core, but also tertiary interactions between loops 1 and 2 (Fig. 1B,C) are somewhat conserved in most natural HHRs (Martick and Scott 2006; Chi et al. 2008; Dufour et al. 2009 ) and could be used as an anchoring point for the identification of these ribozymes. All of these constraints were recently used to follow a new HHR search strategy (de la Peña and Garcia-Robles 2010a,b), which first looked for short sequence seeds of 20-30 nt derived from natural HHR sequences. A seed corresponded to a single helix (usually helix II sequence) flanked by conserved catalytic boxes (Fig. 1C ) that were used for BLAST homology searches of sequence databases. Identified hits were initially filtered in order to preserve (1) the stem II, and (2) the two conserved boxes of canonical HHRs. Subsequently, 59 and 39 ends of the positive hits were extended and examined for the presence of the HHR remnants: (3) helix I, (4) helix III, (5) self-cleavage site, and (6) potential tertiary interactions between loops 2 and 1. New BLAST searches were carried out recursively, such that seeds derived from HHRs identified in previous rounds of searches were used as new queries in subsequent rounds. Interestingly, hits that already satisfied the two first criteria (CUGANGA-helix II-GAAA) frequently fulfilled the other four criteria not included in the search seeds. The conjuncture of six unrelated traits together with the HHR occurrence in similar genomic locations (i.e., short tandem repeats) or their high degree of phylogenetic conservation (i.e., amniota HHRs, see below) led to the conclusion that the detected motifs correspond to bona fide HHRs.
STRUCTURE-BASED SEARCH APPROACHES
As a complementary approach to the sequence homologybased searches, several structure-based computational screens were applied to find novel HHRs (Ferbeyre et al. 1998; Jimenez et al. 2011; Perreault et al. 2011; Seehafer et al. 2011) . In these, different software packages such as RNAMotif (Macke et al. 2001 ), PatScan (D'Souza et al. 1997 , or RNABOB (Eddy 2005; Riccitelli and Luptak 2010) were used to describe in detail both the consensus sequence and the stems of HHRs (Fig. 1C) . Resulting descriptors ( Fig. 1D-F) were then applied for screening sequences in public databases for the minimal motif. The largely automated searches resulted in numerous primary hits, which, however, did not yet consider the interactions between loops 1 and 2 (Ferbeyre et al. 1998; Jimenez et al. 2011; Perreault et al. 2011; Seehafer et al. 2011) due to the aforementioned sequence flexibility of these interactions. Subsequent steps were necessary to filter out active ribozymes. In contrast, in the sequence homology-based searches, the iterative steps are an integral part of the search procedure.
In a search for type III motifs, free energies of folding were computed using MFold (Zuker 2003) to discriminate between motifs that are more-or-less likely to adopt the HHR fold (Seehafer et al. 2011) . In this process, which was implemented in a program pipeline written in Perl, more than 60,000 primary hits were subjected to two folding procedures, one fully unrestricted and one restricted to adopt the hammerhead fold in order to apply thermodynamic selection criteria, as also applied by others (Reeder and Giegerich 2009) . The difference between the resulting folding energies was then used to identify true positive HHR motifs among the primary hits. In vitro cleavage kinetics (Kalweit et al. 2012) served to verify the chosen energy parameters on the example of newly identified motifs from Xenopus tropicalis (Seehafer et al. 2011) .
Finally, the RNA structure and sequence searching software Infernal (Nawrocki et al. 2009 ) also revealed many novel HHRs (Perreault et al. 2011) . This algorithm uses an alignment in Stockholm format (sequence alignment with secondary structure annotation). It has the advantage of considering nonconsensus sequence identities in the covariance model, thus taking into account all base pairs and conserved positions, whether they are part of the catalytic core or not. In addition, it will also score hits that do not conform perfectly to the consensus core if most of the HHR requirements are fulfilled, making it possible to find natural variants of HHRs (Perreault et al. 2011) .
NOVEL HHRS IN ALL KINGDOMS OF LIFE
Our various approaches outlined above resulted in an unprecedented number of HHR motifs that were found in all three kingdoms of life, including viruses or subviral entities (de la Peña and Garcia-Robles 2010a,b; Jimenez et al. 2011; Perreault et al. 2011; Seehafer et al. 2011 ). There is a significant overlap between our results, as the majority of conventional motifs was identified by more than one of our approaches. If differences are observed, they are either due to the used sequence sources, or, alternatively, the idiosyncracies of the different approaches and pattern descriptors. We are currently in the process of setting up a web-based data resource for the new HHR motifs that we uncovered. In the following, selected novel motifs will be summarized according to their genomic location.
Prokaryotes
Initial searches among metagenomic and bacterial sequences gave around 100 HHRs of both types I and III from bacterial species (Table 1) , next to a single occurrence in the genome of the archaeon Cenarchaeum symbiosum A (Perreault et al. 2011) . The bacterial motifs mapped to intergenic regions and were associated with bacteriophagerelated sequences (de la Peña and Garcia-Robles 2010b; Figure 2A . More recent results have unveiled an extensive occurrence of HHR motifs among metagenomic data from very diverse origins (marine, freshwater, soil, epibionts, microbiomes, etc.), indicative of a widespread presence of the HHR in viruses, prokaryotes, archaea, and, more specifically, their bacteriophages (Jimenez et al. 2011; Perreault et al. 2011 ; I Garcia-Robles, R Jimenez, A Luptak, and M de la Peña, unpubl.).
Perreault et al. 2011), as exemplified in

Eukaryotes
Our searches of HHRs were especially fruitful among eukaryotic genomes ( Table 2 ). The genomic localization of these motifs varies strongly, both in number and genetic context. For example, the genome of the elephant Loxodonta africana features an orphan type III HHR motif, whereas the genome of the frog Xenopus tropicalis has several hundreds of type I and a few type III motifs, and the genome of the blood fluke Schistosoma mansoni contains thousands of type I and several type III motifs (de la Peña and Garcia-Robles 2010a,b; Jimenez et al. 2011; Perreault et al. 2011; Seehafer et al. 2011) . The genetic contexts of these motifs are frequently tandem repeats, intergenic regions or introns, but they appear only rarely within coding sequences (see below). In oomycetes (unicellular protists, Chromalveolata kingdom), for example, a new family of atypical type I HHRs was found (de la Peña and Garcia-Robles 2010b). The motifs showed unusually long and short stems II and III, FIGURE 2. Some examples of genomic HHRs detected in bacteria (A), plants (B), and metazoans (C). Main tertiary contacts based on previous experimental models (Martick and Scott 2006; Chi et al. 2008; Dufour et al. 2009) , and the conserved nucleotides involved in the interactions are tentatively depicted in red.
respectively, and occurred within 700-1000-bp tandem repeats (Table 3) . Similar HHRs have also been found in related plant pathogens (Hyaloperonospora arabidopsidis and Pythium ultimum) and other protists (slime mold Physarum polycephalum), suggesting a wider occurrence of the HHR motif among these eukaryotic microorganisms. More typical type I HHRs were also detected in the genomes of the unicellular Chlamydomonas reinhardtii and the related algae Volvox carteri (M de la Peña, unpubl.). Although many of these motifs were found associated with larger (2-3 kb) tandem repeats, their particular occurrence within intronic regions suggest the possibility of conserved roles other than retrotransposition (see below).
Genomic sequences of plants (from a spike moss to about 40 angiosperms, both monocots and dicots) showed examples of both types I and III HHRs (Fig. 2B) . The motifs usually mapped within short tandem repeats of 300-900 bp (Table 3) at intergenic or repetitive DNA regions (i.e., telomeric repeats in the spike moss Sellaginella moellenforfii). Homology-based searches among EST databases reinforced the in vivo activity of some HHRs with examples of putatively self-cleaved sequences (de la Peña and Garcia-Robles 2010b).
Among metazoans, the vast majority of detected cases corresponded to type I HHRs, while type III motifs appeared to be the exception. Ribozyme motifs were found widespread in the genomes of most metazoan phyla, from simple cnidarians (sea anemones and corals) and poriferans (sea sponge), to more complex organisms like platyhelminthes (trematodes and flat worms), rotifers, annelids (leech and marine polychaetes), arthropods (beetles, mosquitos, or arachnids among many others), and molluscs (scallops, oysters, and squids). Again, some of the detected HHRs mapped within tandem repeats (from 170 to 510 bp) (see Table 3 ) located in highly repetitive regions (i.e., telomeric sequences in rotifers), although their incidence as single motifs along the genomes was more frequent (Fig. 2C) . Genomic sequences from chordates also revealed similar type I HHRs. In the genomes of the Xenopus tropicalis frog or marine lampreys (i.e., Petromyzon marinus) some examples of HHRs were detected within tandem repeats, similar to the satellite DNA in amphibians (Epstein and Gall 1987) . Most HHRs, however, were found widespread as single type I or type III motifs in either intergenic or intronic (either strand) regions. In contrast, only a few, but highly conserved HHRs were found in amniotes (reptiles, birds, and mammals), all mapping to the sense strands of large introns of three different genes (de la Peña and GarciaRobles 2010a). The HHRs shared clear sequence and structural similarity with those described in other metazoans, notably trematodes or X. tropicalis, with the exception of a larger stem III in the amniota motifs (from 2 to 14 more base pairs) (Fig. 2C) . This longer stem III resulted in a robust in vitro self-cleavage activity for one of the human HHRs, with a k obs = 2.4 min À1 versus a level of activity that is barely greater than background for the X. tropicalis HHR under low Mg 2+ conditions (z10
) (Garrett et al. 1996) . In vivo selfcleavage of one of the amniota HHRs was supported by mammalian ESTs, which intriguingly showed RNA fusions of a cleaved intron with U5 or U6 snRNAs.
Finally, viral entities displayed a rather limited occurrence of the HHR motif. Nevertheless, the already known motifs from virus satellite RNAs and certain Avsunviroidae can be considered as a positive control and were found in all of our approaches (de la Peña and Garcia-Robles 2010a,b; Jimenez et al. 2011; Perreault et al. 2011; Seehafer et al. 2011 ). Next to these, the HHR was found in a small set of dsDNA viruses (Table 4 ) and in many prophages.
DISCOVERY OF TYPE II HHRS
Soon after the discovery and elucidation of the secondary structure of HHRs (Forster and Symons 1987b) , a viral sequence from the tobacco ringspot virus was engineered into a trans-cleaving ribozyme by opening the stem-loop I (Haseloff and Gerlach 1988) . This experiment formally demonstrated that, in principle, cis-cleaving ribozymes could assume any of the three topologies resulting from embedding the catalytic core within the surrounding transcripts through any of its three helices. All early HHRs discovered were of types I and III, and large-scale sequence-based searches were designed to look for these elements (de la Peña and Garcia-Robles 2010a,b; Seehafer et al. 2011) . Motif searches designed to look for all three topologies revealed that the type II motifs are very common, particularly in microbial genomes, where they often comprise the largest fraction of HHRs (Jimenez et al. 2011; Perreault et al. 2011) . Given these results, it is somewhat surprising that type II HHRs were not found earlier. Analysis of self-scission of some of these ribozymes in vitro showed that at physiological-like conditions (for HHRs found in the human microbiome), the type II are also the fastest HHRs, with half-lives of just several seconds in 1 mM Mg 2+ (Jimenez et al. 2011) . Similarly, a type II ribozyme discovered in a marine metagenome showed fast selfscission at 0.5 mM Mg 2+ and 23°C (Perreault et al. 2011 ). These ribozymes were found in diverse genetic contexts, but, similar to types I and III, seem often associated with phage-related genes (de la Peña and Garcia-Robles 2010b; Perreault et al. 2011 ).
STEM I-II TERTIARY INTERACTION AND UNUSUAL VARIANTS
The interaction between stems I and II was observed among many different HHRs, as was the case of the two terminal loops in type III viroid and plant HHRs (De la Peña et al. 2003; Khvorova et al. 2003; Przybilski et al. 2005; Shepotinovskaya and Uhlenbeck 2008) , and between internal and terminal loops in type I S. mansoni HHRs ( Fig. 3A ; Canny et al. 2004; Martick and Scott 2006) . Recently, a pseudoknot has been shown to also fulfill this structural role in all three types of HHR (Jimenez et al. 2011; Perreault et al. 2011) . In fact, close to 40% of HHRs not associated with repeat elements are predicted to possess base-pairing that bring stems I and II in proximity (Perreault et al. 2011) . In addition, this interaction displays diversity in the number of different permutations in which it occurs: kissing loops between terminal loops, or terminal loop and internal loop; pseudoknots between a terminal loop and the 39 or 59 region outside of the minimal HHR ( Fig. 3B ; Perreault et al. 2011 ). The various possible structures used to bring stems I and II closer emphasize the importance of this interaction for the ribozyme's function. Examples observed in nature and with confirmed in vitro cleavage, are schematized in Figure 2 .
Because it is an ideal model to understand the RNA structure-function relationship, the HHR has been a subject of exhaustive mutagenesis analyses (Ruffner et al. 1990; Nelson and Uhlenbeck 2008b) . Furthermore, numerous chemogenetic studies used analogs of the conserved bases to acquire details about molecular interactions within the collection of all chemical groups in the core and their involvement in RNA folding and catalysis (Nelson and Uhlenbeck 2008a) . Therefore, the consensus structure was not only supported by sequence alignments, but also experimentally scrutinized. As a result, it was generally accepted that for biologically significant activity, the ribozyme could not diverge from a minimum of 11 bases (CUGANGA, GAAA, and NUH) (Fig. 1B) . However, given that the interaction of stems I and II dramatically increases activity, it is easier to imagine that slightly impaired catalytic cores diverging from the consensus would still self-cleave efficiently enough to achieve their function. This observation could explain natural occurrences of some HHR variants, a subset of which had already been observed earlier in viroid isolates (Przybilski and Hammann 2007a) . At least 10 different natural variants have been found and, although some of them have reduced cleavage rates, all of them self-cleave in vitro and are found in the genetic context of consensus HHRs (Table 5) .
Among the natural variants, some had been foretold by previous mutational analyses, like in the case of the C3G8 base pair (Fig. 1C) , which is essential for catalytic activity (Martick and Scott 2006; Przybilski and Hammann 2007b; Nelson and Uhlenbeck 2008b) . Covariation for that base pair has been observed, U3A8 to be more precise (Perreault et al. 2011) . Similarly, a U10.1-U11.1 mismatch at the base of stem II, instead of the typical G10.1-C11.1 conserved base pair, illustrates the malleability of stem II. This result is not surprising, since that stem was known to be dispensable in vitro (McCall et al. 1992; Tuschl and Eckstein 1993; Long and Uhlenbeck 1994) and explains the observation of many HHRs with a stem II composed of only 1 or 2 bp (Perreault et al. 2011 ). Many ribozymes with short stem III have been observed as well, but in this case it was found that the ribozymes could fold into a dimeric configuration, permitted by a palindromic loop III, effectively yielding a stem III of 6-10 bp (Forster and Symons 1987a) .
Other variants with a predicted absence of core-stabilizing interactions were expected to be inactive, based on previous biochemical and structural data. Nevertheless, they exist and self-cleave, albeit less efficiently than the well-established consensus. It is interesting to note that the compilation of variants observed in nature matches very well with the mutations that are the least disruptive in minimal and extended HHR studies (Table 5) . Indeed, for all positions of the catalytic core, the identity of bases for which k obs are shown in Table 5 are the most active mutants, after wild type. This correlation is also supported by the fact that no natural variants have been observed yet for the positions G5 and A14, both of which are essential for the activity in the minimal HHR (Ruffner et al. 1990 ). Additional natural variants revealed by an ongoing study fit with this correlation as well (F Bolduc and JP Perreault, pers. comm.) .
The only case where a natural variant does not correspond to the most active mutation assayed earlier (Ruffner et al. 1990 ) is the first base pair of stem II; the ribozyme is more active with a G10.1-U11.1 wobble pair than with a U10.1-U11.1 mismatch, but the latter variant is still more active than most sequences with conventional base pairs (A-U, U-A, U-G, and C-G). In spite of several very thorough mutational studies, including in vitro selection, there are several genomic variants that involve insertions that have never been evaluated before (see Table 5 ). Insertions studied earlier corresponded to a single base between positions A9 and G10.1 of many natural variants, which exhibited k obs comparable to typical HHRs (De la Peña and Flores 2001; Uhlenbeck 2008, 2010) . The most notable novel insertions were two bases found upstream of C3 in two different ribozyme sequences. Both of these instances originate from solar salterns (Perreault et al. 2011) , environments with saturating concentrations of salts. Although neither of them cleave efficiently at standard concentrations of Mg 2+ , their cleavage rate in 100 mM Mg 2+ (physiological concentration in this case) is comparable to other ribozymes (Perreault et al. 2011) . Potential implications for Mg 2+ -dependent regulation are evident, as the corresponding organisms require high-salt concentration for growth, dilution of their environment thus represents a dangerous situation requiring rapid adaptation (Torsvik and Dundas 1980) . Prospective roles of variant HHRs go beyond this example. Indeed, regulation implies an on/off switching mechanism, which is improbable if the ribozyme cleaves constitutively, like in the rolling circle replication of viroids. Hence, less active variant ribozymes are more likely to be turned-on in specific conditions. This is the case of the glucosamine-6-phosphate-activated glmS ribozyme (Winkler et al. 2004 ) and has been hypothesized for a discontinuous HHR found in some mammals Scott et al. 2009 ). The latter harbors a very large loop I (150-1739 nt), which could contain protein-binding sites in addition to greatly reducing cleavage efficiency, analogous to experimentally selected allosteric HHR with an aptamer in loop II (Zivarts et al. 2005) . Analysis of HDV-like ribozymes in mosquitoes showed that both expression levels and the cleavage extent vary through the developmental stages of Genomic hammerhead ribozymes www.rnajournal.org 879 the insect, suggesting that the ribozyme self-scission is indeed regulated (Webb et al. 2009) . A potential mechanism of ribozyme regulation may involve short antisense RNAs, such as those found to map to a putative HDV-like ribozyme in silkworm retrotransposons (Kawaoka et al. 2008; Ruminski et al. 2011) .
DISCUSSION
The various approaches used to find the HHRs reviewed herein are complementary, and each has specific advantages and disadvantages. A sequence homology-based approach has the advantage of indirectly following evolution's course, without any preconceived functional biases and can thus help find HHRs even if, for example, the tertiary interaction between stems I and II is not fully understood. Moreover, sequence-homology searches are computationally very fast and allow for scanning of the whole GeneBank for a HHR motif in a few seconds. A drawback of this approach is that it relies on known sequences, making it difficult to find very divergent HHRs. On the other hand, structure-based approaches rely on the structural and biochemical data of the RNA that we look for, and this knowledge is extensive in the case of the HHR. The disadvantage is that the sequences to be found must perfectly match the string that is searched for. Therefore, designing a good descriptor is critical. Furthermore, an all-encompassing descriptor generates numerous false positives. To filter these false positives, it is possible to estimate the folding free energies of the candidate sequences and exclude those that do not conform to hammerhead fold. This filtering might exclude real HHRs that compete with a more stable structure; on the other hand, it allows one to predict stably folding HHRs motifs embedded in longer RNA sequences. Finally, the covariance model in Infernal incorporates both sequence and structure constraints.
While it relies on a secondary structure alignment, it can find sequences with only a tenuous sequence homology, relying mostly on structure-based criteria. It also allows some degree of divergence from the consensus; however, it is computationally intensive and can require weeks to complete a search on large sequence databases. While all of these approaches yield many HHRs and overlapping results have been obtained by our groups, a side-by-side comparison has not been performed on the same sequence data set to directly compare the methods and evaluate the identified ribozyme candidates. A particular feature of natural HHRs, the tertiary interactions between helix I and helix II, have been experimentally confirmed for only a few cases. Nevertheless, most of the naturally occurring HHRs appear to have such a conserved interaction Jimenez et al. 2011; Perreault et al. 2011) . For canonical types I and III HHRs, these interactions require not only a few conserved nucleotides, but also specific lengths of stem I (z6 bp) and stem II (z4 bp) as found in many of the detected HHRs (Fig. 2) . For those new HHRs showing atypical helix lengths and loops, future biochemical and structural studies will help us understand their global architecture. Even so, our current knowledge of other natural three-helical RNAs indicates that many different forms of tertiary interactions are possible among these motifs Jimenez et al. 2011; Perreault et al. 2011) .
From a functional point of view, most of the detected eukaryotic HHRs appear to be associated with short tandem repeats, which we suggest are retrotransposons of the SINE family. SINEs are repetitive elements amplified in the genomes via RNA intermediates that use the propagation machinery of autonomous retrotransposons. For the case of HHR-containing SINEs, the ribozymes may function in self-cleavage of oligomeric transcripts to yield SINE monomers in a fashion similar to the originally proposed rollingcircle replication of RNA plant pathogens, like viroids and viral satellite RNAs. Alternatively, the overhangs generated Gray arrows illustrate the tertiary interaction. HHR examples pictured from left to right are found in the nematode Schistosoma mansoni (this example has been crystallized and shows the importance of the tertiary interaction), the viroid ASBVd, the bacterium Bukholderia oklahomensis, the mouse, and the viroid CChMVd (circled nucleotides are typically involved in this interaction for HHR sequences found in viroids). (B) Base-pairing interactions between stems I and II. The large array of different putative pseudoknots or kissing-loop interactions observed in HHR sequences is pictured. HHR examples pictured from left to right on the first row are found in the fungus Yarrowia lipolytica, the mouse and human microbiome, the bacterium Agrobacterium tumefaciens, and the fly Drosophila pseudoobscura. HHRs of the second row are found in the crickets Dolichopoda, marine metagenome, and in the bee Apis melifera.
by the self-cleavage reaction might be a requirement for the genomic integration of such sequences (Fig. 4A ). This could explain the predominance of type I HHRs in SINEs, because this topology is more favorable to the proposed mechanism in Figure 4A . On the other hand, HHR activity in repetitive genomic sequences might negatively influence the production of piRNAs (Fig. 4B) . HHRs are not the only catalytic RNA motifs associated with retrotransposons: Recent analysis of autonomous retrotransposons (LINEs) revealed that many are terminated by HDV-like self-cleaving ribozymes, suggesting that in some species HHRs and HDV-like ribozymes are dedicated to processing of SINE and LINE elements, respectively (Ruminski et al. 2011 ). This dedicated processing, however, does not seem to take place in mammals, where the two ribozyme families do not appear to be associated with retrotransposons (Salehi-Ashtiani et al. 2006; Martick et al. 2008 ; de la Peña and Garcia-Robles 2010a; Perreault et al. 2011; Seehafer et al. 2011) .
In amniotes, the elevated conservation of intronic HHRs suggests that they have a specific biological function in mRNA biogenesis yet to be characterized. As a parsimonious hypothesis, these HHRs, which show a high sequence and structural similarity to those from retrotransposons from lower metazoans ; de la Peña and Garcia-Robles 2010a), may play an exapted/domesticated role in the control of alternative splicing in a similar way to the recently described artificial intronic HHRs (de la Peña and Garcia-Robles 2010a; Pastor et al. 2011) .
The ubiquity of HHRs suggests that these ribozymes are either ancient and were maintained in functional form throughout evolution, or that they can arise independently several times. The 11 conserved nucleotides of the catalytic core, together with three flanking helices require about 40 bits of information (two bits for all invariant positions and two for each base pair, assuming a minimum of three base pair per helix), without any requirements for tertiary contacts. Thus, the frequency of this minimal ribozyme structure in a random sequence would be about 10 À12 and lower if longer helices and tertiary contacts are required, suggesting that the ribozymes are not likely to have evolved independently many times. On the other hand, a large scale meta-analysis of the newly discovered sequences described here indicated distinct coevolutionary patterns for HHRs of different topology and genomic location (F Hoffgaard, C Seehafer, K Hamacher, and C Hammann, unpubl.) . This observation points toward an independent appearance of the HHRs a few times in evolution. This scenario is also supported by the analysis of self-cleaving ribozymes isolated using an in vitro selection from a random library (SalehiAshtiani and Szostak 2001), which showed that active HHRs can arise independently several times, providing an example of convergent molecular evolution. However, the diversity of the starting DNA pool was likely on the order of 10 15 , and so the HHR motif is statistically likely to be found there. This result stands in contrast to the structurally and informationally more complex HDV-like ribozymes, which are also widespread in nature (Webb et al. 2009; Ruminski et al. 2011; Webb and Luptak 2011) , but have not been identified using in vitro selection experiments.
The biological roles of the newly discovered HHRs are currently under investigation, and several scenarios can be imagined. The common feature is the bisection of a transcribed RNA by the catalytic RNA motif. This reaction in itself might serve, for example, to uncouple two or more physically coupled genetic units. Alternatively, the reaction products might be substrates for subsequent reactions, be it RNA-catalyzed ligation, trans-cleavage, or a protein-catalyzed reaction. These alternative scenarios are exemplified by mammalian ESTs, which intriguingly showed RNA fusions of HHR-cleaved introns with U5 or U6 snRNAs (de la Peña and Garcia-Robles 2010a).
Figure 5 displays selected scenarios for the biological function of different genetic contexts of HHR motifs. They might simply serve in the processing of polycistronic tRNA transcripts, as exemplified by a sequence from the marine metagenome (Fig. 5A ). All transcribed HHR motifs might result in the generation of regulatory small RNAs (Fig. 5B ) and may also help to prevent expression from a bacterial promoter. This might be instrumental for integration of the phage DNA sequence in the bacterial genome, as seems conceivable for the Pseudomonas aeruginosa phage PaP3 (Fig. 5B) . A particularly intriguing arrangement is that of multiple HHRs, as observed in Azorhizobium caulinodans. Here, the self-cleavage and re-ligation activities of the HHR motifs might lead to the generation of novel open reading frames, which might represent a bacterial form of alterna- 
